Gold Nanorods in Photodynamic Therapy, as Hyperthermia Agents, and in Near-Infrared Optical Imaging by Kuo,  W.S. et al.
Supporting Information
 Wiley-VCH 2010
69451 Weinheim, Germany
Gold Nanorods in Photodynamic Therapy, as Hyperthermia Agents,
and in Near-Infrared Optical Imaging**
Wen-Shuo Kuo,* Chich-Neng Chang, Yi-Ting Chang, Meng-Heng Yang, Yi-Hsin Chien,
Shean-Jen Chen, and Chen-Sheng Yeh*
anie_200906927_sm_miscellaneous_information.pdf
Experimental section 
Materials 
Hydrogen tetrachloroaurate (III) hydrate (HAuCl4) was purchased from Alfa Aesar Co. (Ward Hill, MA, 
USA). Cetyltrimethylammonium bromide (CTAB) was purchased from Sigma-Aldrich Co. (St Louis, 
MO, USA). Indocyanine green (ICG) was purchased from TCI. (Tokyo, Japan). Calcein AM and Singlet 
Oxygen Sensor Green Reagent was acquired from Invitrogen Corp. (Carlsbad, CA, USA). All chemicals 
and reagents were of analytical grade. 
Synthesis of Au-PSMA-ICG nanorods 
The Au nanorods were synthesized using the seedless growth method.[1] The mean length and width of 
the Au nanorods were approximately 35 nm and 9.3 nm, respectively, and their aspect ratio (length 
divided by width) was about 3.8. The positively charged surface of the Au nanorods was changed to a 
negatively charged surface by mixing the nanorods with the negatively charged poly(styrene-alt-maleic 
acid) (PSMA) polymer, which was hydrolyzed by NaOH first to expose the carboxyl group adsorbed on 
the surface of the Au nanorods via electrostatic interaction (see ESI Fig. S2). Excess PSMA in the 
solution was removed by centrifuging the rod solution at 7500 rpm for 10 min. The resulting precipitates 
were redispersed in deionized water. The particle number ratio of as-prepared Au-PSMA nanorods / 
ICG=1/105 was dissolved in aqueous solution and mixed in a tube for 4 hours. The mixture was 
centrifuged at 7500 rpm for 10 min and then the supernatant was collected. The precipitates were washed 
several times with deionized water. The Au-PSMA-ICG nanorods were obtained and redispersed in 
deionized water. The concentration of Au nanorods was determined using an atomic absorption (AA) 
spectrometer (Solaar, UK). 
Characterization 
Electron micrographs and EDX of materials using transmission electron microscopes (JOEL 1200, at 
80KV; JEOL 3010, at 300KV; and PHILIPS CM-200, at 200KV, Japan) were obtained by placing a drop 
of the sample on a copper mesh coated with an amorphous carbon film; the solvent was then evaporated 
in a vacuum desiccator. The UU-Vis absorption spectra were recorded on a spectrometer (Agilent 8453, 
USA), while the FTIR spectra were collected using another spectrometer (PerkinElmer RX1, USA). The 
crystalline structures were identified using an X-ray difffractometer (Thin-Film XRD, Rigaku D/MAX 
2500 Diffractometer) with Cuκα radiation (λ = 1.54060 Å) at 40 kv and 100 mA. The emitted fluorescence 
of ICG was recorded on a fluorescence spectrophotometer (FP-6600, JASCO). The data of zeta potential 
were measured using a spectrometer (Manern Nano-ZS90, UK). 
Estimating the average amount of ICG per Au nanorod 
The average amount of ICG per Au nanorod was estimated using UV-Vis spectra. A quantity of ICG was 
dissolved in deionized water, was then measured, and an absorbance wavelength of 780 nm was recorded 
using UV-Vis spectra. The same quantity of ICG was then coated with Au-PSMA nanorods in the dark 
for 4 hours using the π-π stacking interaction of the phenyl groups of PSMA with that of ICG. The 
mixture was centrifuged at 7500 rpm for 10 min, after which the supernatant was collected. The 
absorbance difference between pure ICG and the collected supernatant was calculated, and then the molar 
concentration of ICG coated on Au-PSMA nanorods was estimated using Lambert-Beer’s Law. The 
amount of Au nanorods was quantified by atomic absorption (AA) spectrometer. At first, we took Au 
nanords as cylinder structure, and then calculated the amount of Au nanorods in accordance with the 
following formula.  
 
 
 
 
 
 
 
 
 
Finally, the average amount of ICG per Au nanorod was derived and results show that there was an 
average of ~ 28100 ICG molecules per Au-PSMA nanorod. 
Cell culture 
Human lung carcinoma malignant cell line (A549) was cultured in Dulbecco’s modification of Eagle’s 
medium (DMEM, Cellgro) plus 10% fetal bovine serum (FBS, Gem Cell) at 37 C under 5% CO2 in air. 
The cells were collected by trypsinization, placed onto a 10 cm tissue culture petri dish, and allowed to 
grow for 2-3 days.  
Cytotoxicity assay (MTT) 
Cells were seeded at a density of 5×103 per well in a 96-well culture plate and incubated overnight at 
37 C with 5% CO2 in air. Different concentrations of ICG and Au-PSMA-ICG nanorods were added to 
the medium, which was then used to replace the original culture medium. Incubation was continued for an 
additional 24 hours in the dark. The culture medium was removed and replaced with the new culture 
medium containing MTT reagents (10%) (Sigma) followed by incubation for 4 hours at 37 C, leading to 
the formation of formazan dye. The medium was then changed with DMSO (200 μL) for 10 min, 
followed by centrifugation at 4000 rpm for 10 min. The supernatant was transferred into a new ELISA 
plate and the absorbance was measured at A540 with an ELISA reader (Varioskan, Thermo Electron).  
Western blot 
A quantity of cells were collected, lysed and centrifuged to collect the total cell lysate. And then the 
experiment of western blotting was accomplished according to standard protocol.[2] The EGFR (~ 170 
kDa) was detected by anti-EGFR primary antibody and second antibody-Horse Radish Peroxidase 
conjugate. 
Anti-EGFR antibodies conjugation and cellular incubation with ICG, Au-PSMA nanorod and 
Au-PSMA-ICG nanorods (materials conjugated with anti-EGFR antibody)  
For the specifically targeted NIR photochemical therapy, the anti-EGFR antibodies were conjugated with 
ICG, Au-PSMA nanorods, and Au-PSMA-ICG nanorods, respectively. The antibodies can be 
electrostatically bound to each material.[3] The anti-EGFR antibody (1 mg mL-1) (R&D) was mixed with 
ICG, Au-PSMA nanorods, and Au-PSMA-ICG nanorods with different volume ratios of Vantibody/Vmaterial  
(1/1 to 0.001/1) for 40 min of incubation in the dark at 4 C, respectively. They were then centrifuged at 
7500 rpm for 15 min at 4 C after which the supernatant was discarded. Pellets were rinsed and suspended 
with 40 mM of HEPES solution. The cell monolayer with A549 was immersed with material-AbEGFR for 
2 h. 
Estimating the average amount of anti-EGFR antibodies per Au-PSMA-ICG nanorod 
The average amount of anti-EGFR antibodies (R&D) per Au-PSMA-ICG nanorod was estimated using 
UV-Vis spectra. Several fixed quantities of anti-EGFR antibodies (1 mg mL-1) were measured, and an 
absorbance wavelength of 280 nm was recorded using UV-Vis spectra. The anti-EGFR antibody (1 mg 
mL-1) was mixed with Au-PSMA-ICG nanorods (the amount of Au nanorods was quantified by atomic 
absorption (AA) spectrometer) with different volume ratios of Vantibody/Vmaterial =1/1 to 0.001/1 for 40 min 
of incubation in the dark at 4 C, respectively. An electrostatic interaction can occur between the 
negatively charged Au-PSMA-ICG nanorods and the positively charged segment of the anti-EGFR 
antibodies. The mixture was centrifuged at 7500 rpm for 10 min, after which the supernatant was 
collected. The absorbance difference between pure anti-EGFR antibody and the collected supernatant was 
calculated, and then the molar concentration of anti-EGFR antibody coated on Au-PSMA-ICG nanorods 
was estimated using Lambert-Beer’s Law. The average amount of antibody per Au-PSMA-ICG nanorod 
was derived and results show that there was an average of ~ 46700 to ~ 47 antibody molecules per 
Au-PSMA-ICG nanorod from different volume ratios of Vantibody/VAu-PSMA-ICG nanorods= 1/1 to 0.001/1 
mixed.  
Hyperthermia and photodynamic therapy 
A CW diode laser at 808 nm was selected for the laser irradiation experiments (FSL-808-450MS-FS, 
Enwave Optronics Inc.). This wavelength, overlapping with the absorption band of the ICG, Au-PSMA 
nanorods and Au-PSMA-ICG nanorods, is in the NIR region at which the tissue has low absorption. The 
A549 cancer cells were immersed into the material-AbEGFR (Au nanorods were delivered in a dose of 
5×1011 Au nanorods. The quantities of free ICG and ICG conjugated on Au nanorods were fixed at 
2.334×10-4 M.) in the dark for 2 h and rinsed with PBS buffer. Subsequently, laser exposure with a fixed 
power density (22.5 W cm-2 irradiation) was performed for various irradiation times (30 sec to 3 min). 
The laser was focused to a 1 mm2 diameter spot on the sample. Cells were then stained with a fluorescent 
label of colorless calcein AM dye, producing a green emission fluorescence in viable cells by enzymatic 
hydrolysis of calcein AM ester residues, to examine cell viability. Stained cells were observed using a 
NIKON ECLIPSE TS100 microscope using EVOLUTION VF CCD and IMAGE-PRO PLUS Ver 6.2 
software. 
Singlet oxygen detection and quantum yield of singlet oxygen measurement 
Au nanorods were delivered at a dose of 5×1011 (The quantities of free ICG and ICG conjugated on Au 
nanorods were fixed at 2.334×10-4 M.). ICG and Au-PSMA-ICG nanorods were exposed to a NIR 808 
nm laser (22.5 W cm-2, beam spot: 1 mm2) in the dark and then 1 M of Singlet Oxygen Sensor Green 
Reagent (Invitrogen) (Ex/Em: 488/525 nm) was added. Measurements were obtained using a fluorescence 
spectrophotometer (F-2500, Hitachi) according to the manufacturer’s instructions.[4]  The quantum yield 
of singlet oxygen (Φ△) was obtained by comparison with a reference (toluidine blue O, TBO, Φ△ =0.6) 
and measured that of ICG and Au-PSMA-ICG nanorods.[5] 
Temperature dependence of irradiation time with 808-nm laser irradiation 
The temperature elevation of the Au-PSMA nanorods and Au-PSMA-ICG nanorods (51011 Au 
nanorods) was measured using an 808-nm CW diode laser (22.5 W cm2) in a range of irradiation times 
(30 sec - 8 min). A thermocouple (TES-1319A-K type; Tes Instrument, China) was immersed in the 
composite solutions to determine the bulk temperature of the solution.  
Observing ICG-AbEGFR and Au-PSMA-ICG nanorods-AbEGFR in A549 malignant cells with 
confocal laser scanning microscopy  
Cells were cultured in Dulbecco’s modification of Eagle’s medium (DMEM, Cellgro) plus 10% fetal 
bovine serum (FBS, Gem Cell) at 37 C under 5% CO2 in air. The cells were then trypsinized and seeded 
in 8-well chamber slides (2  104 cells/well). After 24 h of incubation, each well was washed twice with 
PBS, and treated with ICG-AbEGFR and Au-PSMA-ICG nanorods-AbEGFR that contained 5×1011 Au 
nanorods (The quantities of free ICG and ICG conjugated on Au nanorods were fixed at 2.334×10-4 M). 
The cells were then fixed using 4% paraformaldehyde / PBS for 30 min at 37 C. The nuclei were 
counterstained with DAPI (blue color) for confocal laser scanning microscopy (C1si; Nikon Instech Co., 
Ltd., Japan) analysis. 
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Figure S1. Representation of ICG structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. The structure of PSMA polymer and hydrolyzed PSMA by NaOH. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3. UV-Vis spectra of Au nanorods, Au-PSMA nanorods, and Au-PSMA-ICG nanorods at 
a particle concentration of 1.51010 Au nanorods mL1. (Inset: UV-Vis spectra of pure PSMA and 
ICG). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4. FTIR spectra of (a) PSMA, (b) ICG, (c) Au-PSMA nanorods and (d) Au-PSMA-ICG 
nanorods. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S5. EDX analysis and XRD patterns of (a and c) Au nanorods and (b and d) 
Au-PSMA-ICG nanorods.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6. A549 malignant cells were incubated with ICG and Au-PSMA-ICG nanorods in the 
dark for 24 h and then their viability was evaluated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S7. Western blot of malignant A459 and nonmalignant HaCaT cell lines to show the 
amount of EGFR (~ 170 kDa) on cell surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S8. Fluorescence shows photodestruction of A549 malignant cells. (a) ICG, Au-PSMA 
nanorods and Au-PSMA-ICG nanorods without and (b) with conjugated anti-EGFR antibodies 
treated A549 cells, respectively, and were irradiated by a NIR laser (808 nm) with a 22.5 W cm-2 
power density. (Au nanorods were delivered in the doses of 5×1011. The quantities of free ICG 
and ICG conjugated on Au nanorods were fixed at 2.334×10-4 M). The dotted circles indicate the 
laser beam area. The cells were stained with calcein AM and observed right after irradiation. The 
live cells exhibited green fluorescence. Scale bar: 1 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S9. Fluorescence shows photodestruction of A549 malignant cells. (a) ICG and 
Au-PSMA-ICG nanorods conjugated anti-EGFR antibodies (the anti-EGFR antibody (1 mg mL-1) 
was mixed with all the materials by a volume ratio of Vantibody/Vmaterial=1/1, respectively.) treated 
A549 cells, respectively, and were irradiated by a NIR laser (808 nm) with a 22.5 W cm-2 power 
density for 2 min irradiation (Au nanorods were delivered in the doses of 5×1011 to 1×108. The 
quantities of free ICG and ICG conjugated on Au nanorods were 2.334×10-4 to 4.668×10-8 M, 
respectively). (b) The anti-EGFR antibody (1 mg mL-1) was mixed with Au-PSMA-ICG nanorods 
(dose: 5  1011 Au nanorods) by different volume ratios of Vantibody/VAu-PSMA-ICG nanorods=1/1 to 
0.001/1 (the amount of anti-EGFR antibodies was an average of ~ 46700 to ~ 47 antibody 
molecules per Au-PSMA-ICG nanorod), respectively. And the laser irradiation power density was 
22.5 W cm2 with 2 min. The dotted circles indicate the laser beam area. The cells were stained 
with calcein AM and incubated for 2 h in the dark after irradiation. The live cells exhibited green 
fluorescence. Scale bar: 1 mm. 
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Figure S10. Singlet oxygen measurements were done. ICG and Au-PSMA-ICG nanorods were 
exposed to an NIR 808 nm laser (22.5 W cm-2, beam spot: 1 mm2) for laser irradiation of 30 to 
120 sec, while Au nanorods were delivered at a dose of 5×1011 Au nanorods (The quantities of 
free ICG and ICG conjugated on Au nanorods were fixed at 2.334×10-4 M.). Singlet Oxygen 
Sensor Green Reagent (Ex/Em: 488/525 nm) (Invitrogen) was used to directly detect singlet 
oxygen. The presented data was an average of 6 runs in each experimental condition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S11. The temperature dependence of NIR-irradiated water, Au-PSMA nanorods and 
Au-PSMA-ICG nanorods as a function of irradiation time at a power density of 22.5 W cm-2, while 
Au nanorods were delivered at a dose of 5×1011 (The quantities of ICG conjugated on Au 
nanorods were fixed at 2.334×10-4 M.). The presented data was an average of 5 runs in each 
experimental condition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S12. Fluorescence measurements ICG and Au-PSMA-ICG nanorods were done (Ex: 785 
nm, Em: 815 nm). Au nanorods were delivered at a dose of 5×1011 (The quantities of free ICG 
and ICG conjugated on Au nanorods were fixed at 2.334×10-4 M.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S13. Confocal laser scanning images merged with differential interference contrast (DIC), 
NIR fluorescence and DAPI. Au-PSMA-ICG nanorods-AbEGFR (Au nanorods dose: 5×1011) with 
22.5 W cm2 laser irradiation power density for 2 min. The cancer cells depicted the morphology 
of nuclear cleavage of DNA (indicated by yellow arrows), and apoptotic body going to formation. 
The nuclei were stained with DAPI (blue). Scale bar: 60 m. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S14. UV-Vis spectra of ICG exposed to a NIR 808 nm laser with a 22.5 W cm-2 power 
density. 
 
 
 
 
 
